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This study presents a multidisciplinary perspective for understanding environmental
change and emerging socio-ecological interactions across the Amboseli region of
southwestern Kenya. We focus on late Holocene (<5,000 cal yr. BP) changes
and continuities reconstructed from sedimentary, archeological, historical records
and socio-ecological models. We utilize multi-disciplinary approaches to understand
environmental-ecosystem-social interactions over the longue durée and use this to
simulate different land use scenarios supporting conservation and sustainable livelihoods
using a socio-ecological model. Today the semi-arid Amboseli landscape supports a
large livestock and wildlife population, sustained by a wide variety of plants and extensive
rangelands regulated by seasonal rainfall and human activity. Our data provide insight
into how large-scale and long-term interactions of climate, people, livestock, wildlife
and external connections have shaped the ecosystems across the Amboseli landscape.
Environmental conditions were dry between ∼5,000 and 2,000 cal yr. BP, followed by
two wet periods at ∼2,100–1,500 and 1,400–800 cal yr. BP with short dry periods;
the most recent centuries were characterized by variable climate with alternative dry
and wet phases with high spatial heterogeneity. Most evident in paleo and historical
records is the changing woody to grass cover ratio, driven by changes in climate and
fire regimes entwined with fluctuating elephant, cattle and wild ungulate populations
moderated by human activity, including elephant ivory trade intensification. Archeological
perspectives on the occupation of different groups (hunter-gatherers, pastoralists, and
farmers) in Amboseli region and the relationships between them are discussed. An
overview of the known history of humans and elephants, expanding networks of trade,
and the arrival and integration of metallurgy, livestock and domesticated crops in the
wider region is provided. In recent decades, increased runoff and flooding have resulted in
the expansion of wetlands and a reduction of woody vegetation, compounding problems
created by increased enclosure and privatization of these landscapes. However, most
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of the wetlands outside of the protected area are drying up because of the intensified
water extraction by the communities surrounding the National Park and on the adjacent
mountains areas, who have increased in numbers, become sedentary and diversified
land use around the wetlands.
Keywords: Africa, groundwater, land cover, land use, paleovegetation, protected areas, vegetation, wetlands
INTRODUCTION
Palynological expeditions have been undertaken in East Africa
for over 80 years with the first publication of results, by
Dubois and Dubois, appearing in 1939 (Van Zinderen and
Coetzee, 1988) followed in 1948 by Hedberg and his “Swedish
East Africa Expedition” which collected samples from Lake
Victoria, Lake Tanganyika, Mt. Kenya and the Ruwenzori
Mountains (Fries and Fries, 1948). Early palynological work in
eastern Africa described Pleistocene to Holocene-aged lacustrine
and peat sediment sequences, largely collected from mesic
and wet regions in montane western Uganda (Osmaston,
1958, 1965; Livingstone, 1962, 1967; Morrison, 1968) and the
Kenyan highlands (Cherangani Hills, Van Zinderen, 1962;Mount
Kenya, Coetzee, 1964, 1967). These early studies focused on
Afromontane taxa timing and response to climatic variability
during the Late Pleistocene glacial retreat and subsequent
broad-scale at the Late Pleistocene-Early Holocene transition
(Livingstone, 1967; Morrison, 1968). Further research used
pollen data to chart anthropogenic deforestation of Afromontane
forests to explain vegetation changes (Morrison and Hamilton,
1974; Hamilton, 1982; Hamilton et al., 1986; Perrott, 1987).
Pollen results from longer sequences found that these forests had
previously expanded, as Afromontane glaciers coverage increased
leading into the global Last Glacial Maximum (Bonnefille and
Riollet, 1988). Montane vegetation patterns were described
as altitudinal bands (Mackinder, 1900; Fries and Fries, 1948;
Hedberg, 1951), but further examination of pollen records and
forest biogeographies showed a high degree of complexity in
montane forests from the lower montane to forest-ericaceous
zone transitions and non-linearity in vegetation responses
to climatic variability (Bussmann and Beck, 1995a,b; Hemp,
2006a,b; Platts et al., 2013). A review by Van Zinderen and
Coetzee (1988) broadly summarizes the last 32,000 cal yr. BP of
East Africa as warm and humid (32,000–20,000 cal yr. BP), cool
and dry from 20,000 to 14,000 cal yr. BP, warm and dry until
12,000 cal yr. BP, warm and humid from 12,000 cal yr. BP to 4,000
cal yr. BP and then regionally arid from 4,000 cal yr. BP.
Examinations of climate and anthropogenic modifications
to montane forests in East Africa remains an important topic
to which modern ecology, geoarcheology, and pollen studies
continue to contribute (Finch and Marchant, 2011; Heckmann,
2014; Heckmann et al., 2014; Finch et al., 2016). The increase in
the number of paleoerecords and proxies in recent years, as well
as wide-ranging reference collections, has led to interpretations
that are more complex as well as a better understanding of the
drivers of the changes observed in the records. Notable topics
of interest have been the influences of increasing atmospheric
CO2 concentrations on vegetation changes over the latter
millennia of the Late Pleistocene and into the Holocene (Jolly
and Haxeltine, 1997), and the effects of disturbances like
fire (Bussmann, 2001; Hemp and Beck, 2001; Rucina et al.,
2010; Finch et al., 2016). Further palynological investigations
have focused on long-term deposits in lakes that provide Late
Quaternary vegetation histories (DeBusk, 1998; Nelson et al.,
2012) and on small lakes and wetland sites to reveal high-
resolution environmental histories from the late Holocene to
present (Muiruri, 2008; Rucina et al., 2010; Colombaroli et al., in
press). Although few in number, there is a growing number of co-
located study sites linking high-resolution paleoenvironmental
data with archeological sites to build concise descriptions of
human-environmental interactions during the late Holocene
(Robertshaw, 1997; Lejju et al., 2003, 2005; Taylor et al., 2005; Iles
et al., 2014).
Building on these previous studies, this paper summarizes
the integrated results of several studies of the Amboseli
area of southern Kenya, equatorial eastern Africa (Figure 1).
By combining newly collated and analyzed palynological,
archeological and historical data sets with longitudinal socio-
ecological data generated by previous research we provide fresh
insights into the origins and drivers of spatial heterogeneity in
this semi-arid savannah ecosystem and its temporal variability
over the last several thousand years. In particular, we first review
(I) pollen-based reconstructions of Holocene vegetation and
environmental change in Amboseli, and (II) archeological and
historical evidence for changes and continuities in livelihood
strategies and land use management practices within Amboseli,
and between Mt Kilimanjaro and Amboseli communities, before
going on to (III) combine insights drawn from different data
sources to model impacts of land use choices in Amboseli with
data from the last 50 years. Given the rapidity of land cover
change in the area and current challenges surrounding human-
ecosystem-climate interactions in Amboseli, a particular concern
is to demonstrate how knowledge of the historical ecology of this
landscape can contribute to sustainable land use management
and conservation, which forms the focus of our concluding
discussion.
Physiography of Amboseli
Located north of Kilimanjaro (Figure 1), the Amboseli basin
formed through isostatic down warping of country rock due to
the mass of the Kilimanjaro volcano upon the crust (Pickford,
1986). Regional lithology can be divided into three major groups
(Touber et al., 1983):
1. The Precambrianmetamorphic basement rocks present across
much of the northern region (Williams, 1972).
2. Late Pleistocene lacustrine-derived plain and clayey, alkaline
soils of the Amboseli Lake bed, which were deposited under
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FIGURE 1 | Location of the study region in Africa map (bottom left inset). Esambu, Kimana, Ormakau, Namelok, and Enkongu coring sites (red dots) and the
community conservancies (yellow delimitations) that create a corridor through the wetlands westward toward Amboseli National Park (main map). Base Landsat
images LC81680622014194LGN00 (left side and inset) LC81670622015014LGN00 (right side).
wetter-than-present conditions; these soils are comprised of
impure limestone, marls, and local diatomite, with sepiolitic
clays near springs and minor inputs of volcanic ash (Williams,
1972; Stoessell and Hay, 1978; Hay and Stoessell, 1984).
3. Tertiary to Quaternary volcanic rocks and lavas around
the footsteps of Mt. Kilimanjaro and reworked Pleistocene
pyroclastic deposits elsewhere in the southern part of the
region.
Hydrology in Amboseli is controlled by climate, geology, and
topography. Groundwater originates from Kilimanjaro and
supply is controlled by fractures, rock porosity, and drainage
network. Rainfall within the lower elevations of the Amboseli
watershed is currently about 350mm per year concentrated
within two rainy seasons (November to January and March to
May), with a negative evapotranspiration-precipitation budget
with warm mean temperatures (21–25◦C) and a range of 12–
35◦C (Meijerink and Van Wijngaarden, 1997; Altmann et al.,
2002; Worden et al., 2003). Hydrological models estimate that
spring discharge could exist at 1,450m asl on the slopes of
Mt. Kilimanjaro (Meijerink and Van Wijngaarden, 1997), and
wetlands persist currently at elevations between 1,150 and
1,250m asl. Lake Amboseli (1,125m asl) is recharged by diffuse
flows from groundwater seepage and minor surface flow from
the Namanga and Sinet Rivers (Meijerink and Van Wijngaarden,
1997). Currently, the lake ephemerally fills with shallow water,
but geological evidence suggests the lake was much larger and
deeper during most of the Late Pleistocene (100,000–20,000 cal
yr. BP) concomitant with higher water levels at Lake Challa
(Williams, 1972; Moernaut et al., 2010). Since the end of the
Last Glacial Maximum, eastern Africa has experienced high
hydroclimatic variability evidenced by fluctuating lake levels
owing to wetter intervals and arid phases (Nicholson and Yin,
2001; Kiage and Liu, 2006; Verschuren and Charman, 2008;
Moernaut et al., 2010; Tierney et al., 2011) likely resulting in
highly variable water depths at Lake Amboseli with the possibility
of intermittent desiccation (Stager and Johnson, 2008). To date,
however, there are no detailed paleolimnological studies of Lake
Amboseli either to constrain the ages of the lacustrine deposits or
to reconstruct past water depth through paleo shorelinemapping.
Boreholes (Williams, 1972) have not ascertained the maximum
depth of the lacustrine deposits above the basementmetamorphic
rocks.
Currently, the Amboseli groundwater levels have been
increasing since the 1950s, caused by neo-tectonism increasing
the outflow of the deeper diffuse part of the flow system and
increased runoff caused by overgrazing in the catchment, without
a corresponding increase in long-term rainfall (Meijerink and
Van Wijngaarden, 1997). This contributed to localized tree
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mortalities (Acacia) due to increased salt concentration and
hydric soils but, not enough water to re-fill of the Lake Amboseli
Basin. Riverine wetlands persist on flat topographies where river
flows can overbank as flow slows down and broadens and hydric
soils are maintained by high groundwater levels. Some of these
wetlands, such as Kimana, are supplemented by groundwater
seeps and springs, whereas others are primarily sourced from
them, e.g., Enkongu.
Controls on the characteristics of wetlands result from
interactions between local and regional environmental drivers.
For Amboseli, regional-scale drivers include hydroclimatic
variability, degree of forest cover and land use type on
Kilimanjaro. Local-scale drivers include micro-topographic
gradients, animals and anthropogenic activity, which contribute
to the geohydrology through trampling, wading and wallowing,
creation of wells and digging into springs. As well as influencing
vegetation in the catchment, these processes can change surface
and subsurface hydrology and forest-atmosphere exchanges
in montane elevations. High wildlife and livestock grazing
intensities in the area have been suggested as drivers of watershed
vegetation changes and increased surface channeling during
short wet periods (Meijerink and Van Wijngaarden, 1997;
Western and Maitumo, 2004). The changing nature of the agro-
pastoral-protected area economic system in the region has also
contributed to land cover and wetland changes (Western and Van
Praet, 1973; Worden et al., 2003).
Paleoenvironmental Prospects in
Semi-arid Amboseli
Pollen records provide information of past vegetation
compositional changes and can be used to explore interacting
environmental and anthropogenic drivers of land cover change.
Currently, there are 14 records of late Holocene vegetation
change in semi-arid savannah ecosystems of eastern Africa
(Table 1). Amboseli, being a semi-arid region and prone to both
multi-year wetter and drier phases, poses multiple challenges
and opportunities for paleoenvironmental reconstructions
(Pigati et al., 2014). Sedimentological and glacial studies from
the highlands of Kilimanjaro provide a long-term context for
change in the lowlands (Thompson et al., 2002; Zech, 2006;
Zech et al., 2011; Schüler et al., 2012), but offer limited insights
regarding environmental change at a local scale in Amboseli, or
at a fine temporal scale, both of which are of interest to various
stakeholders, including current inhabitants, conservation
workers, land managers, and demographers.
Paleobotanical studies of semi-arid ecosystem deposits from
older analogous sedimentary sequences, such as those of Olduvai,
can be used to interpret current changes at Amboseli. Wetland
deposits on low gradient landscapes exposed in 1.85 million year
old rock at Olduvai Gorge, Tanzania, suggest that permanently
saturated ground from groundwater seepage can persist through
arid climate periods and fill with shallow standing water during
wetter climates (Ashley et al., 2016). At Olduvai, these landscape
features are associated with bone deposit evidence suggesting
continued potential for exploitation by mammal and proto-
human populations (Magill et al., 2012a,b; Ashley et al., 2016).
One inference from such studies is that the spatial complexity
of the landscape combined with temporal complexity provides
an environment that is rich in research potential yet patchy.
Paleoenvironmental records therefore require integration of
different data sets to capture more of the spatiotemporal
variability necessary for understanding these environmental
complexities in relation to human land use and land cover
modifications.
Paleoenvironmental studies have been published on
ecosystem change in the lowlands surrounding Mt. Kilimanjaro,
including Lake Challa (Blaauw et al., 2010; Nelson et al.,
2012; Barker et al., 2013) and Namelok wetland (Rucina
et al., 2010). These studies provide evidence of late Holocene
environmental change at a decadal to centennial scale and are
being complemented by ongoing sedimentological (Githumbi
et al., 2016) and multidisciplinary historical ecology studies
(Courtney-Mustaphi et al., 2015). Several spatially isolated,
perennial and ephemeral wetlands persist across Amboseli today
(Table 2). These wetlands are topographically divided at 1,250m
asl causing groundwater and channelized flowing westward to
Lake Amboseli or eastward toward the Chyulu Hills.
The wetlands are maintained by groundwater seepage, springs
and runoff. Wetland hydro geomorphology is modified by
wetting and drying cycles, herbivores (Laws, 1968; Murray-
Rust, 1972; McCarthy et al., 1998; Deocampo, 2002), and
anthropogenic modifications (Murray-Rust, 1972; Rapp et al.,
1972; Payton et al., 1992). Hydrology, topography, pedology,
lithology, vegetation, and land-use types and intensities (Poesen
et al., 2010) control surface channeling, uphill gullying and
erosion. These interacting long-term processes include top-down
hydroclimatic controls and local scale bottom-up controls of
micro-topography, geology, animals, and people, forming a very
complex and heterogeneous landscape. These processes present
two main challenges for paleoenvironmental reconstruction
studies: interruptions in sediment accumulation rates and
reworking of previously deposited sediments. Hydroclimatic
conditions can result in periods of lower water levels (regression)
leading to no deposition and/or subaqueous or subaerial
redeposition of sediments resulting in stratigraphic hiatuses.
Bioturbation by mega herbivores, invertebrates and plants can
also contribute to crosscutting and reworking of sediments.
Bioturbation by plant roots and formation of rhizoliths are
common characteristics of sedimentary deposits from themargin
of paleowetlands in arid environments (Mount and Cohen, 1984;
Liutkus and Ashley, 2003; Liutkus et al., 2005).
Methodology
This paper applied a quantitative and qualitative multi-
proxy approach. They study involved radiocarbon dating,
pollen and charcoal analysis, archeological surveys, analysis
of documentary and oral historical sources and agent based
modeling (ABM). Through combined pollen and charcoal
analyse, and archeological and historical research we were able to
track the extent to which humans, climate, livestock and wildlife
have shaped the course of ecosystem dynamics in the Amboseli
landscape. Charcoal and pollen samples were analyzed to get
an in-depth understanding of the interactions and dynamics
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TABLE 1 | Main data from paleovegetation studies derived from woody savannah ecosystems in eastern Africa.
Site Coordinates Elevation
(m asl)
Age
(cal yr. BP)
Deposit Proxies References
Kanderi −3.363167, 38.672500 490 1,400 Palustrine Pollen Gillson, 2004
Challa −3.315319, 37.697170 886 25,000 Lacustrine Pollen groups, macro-, microcharcoal Nelson et al., 2012
Ziwani −3.390177, 37.788068 910 350 Palustrine Pollen, microcharcoal Gillson, 2006
Loboi 0.365034, 36.045882 1,010 700 Palustrine Pollen, geochemistry Ashley et al., 2004
Enkongu Narok −2.704661, 37.260777 1,136 2,000 Palustrine Pollen, macrocharcoal, LOI Githumbi, 2017
Simbi −0.367568, 34.628954 1,146 1,200
(and 5,000)
Lacustrine Pollen, macrocharcoal, grass cuticles, phytoliths Mworia-Maitima, 1997;
Colombaroli et al., in
press
Namelok −2.706910, 37.456199 1,160 2,700 Palustrine Pollen Rucina et al., 2010
Ormakau −2.717633, 37.456183 1,173 2,700 Palustrine Macrocharcoal Githumbi, 2017
Esambu −2.711914, 37.554358 1,196 5,000 Palustrine Pollen, macrocharcoal Githumbi et al., 2017
Marura 0.022312, 36.918494 1,770 2,200 Palustrine Pollen, NPP, microcharcoal Muiruri, 2008
Rumuruti 0.319504, 36.596227 1,800 1,200 Palustrine Pollen, NPP, microcharcoal Muiruri, 2008
Naivasha −0.768564, 36.410367 1,880 1,100 Lacustrine Pollen Lamb et al., 2003
Loitigon 0.737778, 36.465556 1,900 6,800 Fluvial, soil Pollen, charcoal, organic carbon Taylor et al., 2005
Kimana 2.748833, 37.515367 1,222 1,200 Palustrine Pollen, macrocharcoal, LOI, PSD, ITRAX-XRF Githumbi, 2017
LOI, Loss on ignition analysis; NPP, non-pollen palynomorphs; PSD, particle size distributions; XRF, X-ray fluorescence; Microcharcoal, pollen slide counts of charcoal; macrocharcoal,
wet sieved charcoal counts (>125µm).
TABLE 2 | List of important wetlands in eastern Amboseli, arranged by elevation.
Name Coordinates Elevation Area (ha) Inflow Outflow Vegetation
WESTWARD FLOW
Namelok −2.706, 37.456 1,180–1,150 1,000 Spring, channel Evaporative Poaceae, Cyperaceae, Typha, Acacia
Loginya −2.703, 37.315 1,138–1,130 2,000 Spring Channel Cyperaceae
Ol-Tukai Orok −2.682, 37.265 1,135 450 Groundwater seep Evaporative Cyperaceae
Enkongu Narok −2.704, 37.260 1,134 710 Spring Channel Cyperaceae
Lake Amboseli −2.630, 37.110 1,125 15,600 Channel Evaporative, infiltration Barren, Poaceae, Cyperaceae
EASTWARD FLOW
Lielerai Kimana −2.272, 37.527 1,220 800 Spring, seep, channel Channel Poaceae, Cyperaceae, Typha, Acacia
Lenkati −2.739, 37.514 1,060 750 Channel Channel, evaporative Poaceae, Cyperaceae, Typha, Acacia
Olngarua Esoitpus −2.739, 37.753 1,040–1,025 300 Channel or springs Evaporative, channel Poaceae, Cyperaceae
Areal estimates based on hydric soil fringe of wetlands using Google Earth imagery collected on 24 February 2016.
in the landscape. While pollen and charcoal analysis provided
a deep understanding over a longue durée, historical methods
were useful for understanding contemporary and more recent
dynamics.
Coring
Site selection for this study was based on the depth and
availability of a sedimentary archive. A suitable coring spot
was determined by probing with fiberglass rods to locate the
thickest sediment accumulation. The cores were retrieved using
a Russian D-shaped corer (Jowsey, 1966) in 50 cm drives with
10 cm overlapped sections. Cores were transferred to PVC tubes,
wrapped in plastic film and aluminum foil, shipped to the
University of York, UK, and refrigerated at 4◦C. Sediment
cores were collected from seven locations (Table 3) in different
Amboseli wetlands, of which five sites have been radiocarbon
dated (Figure 2 and Table S1). Pollen analysis was carried out on
4 cores and 138 pollen types identified from Esambu, Namelok,
Enkongu and Kimana swamps.
Radiocarbon Dating
Bulk sediment samples were sampled from the sediment cores
for radiocarbon dating, as there were no macrofossils present
to pick for dating except one Acacia spp. wood fragment from
the Esambu sediment. The bulk sediment samples were picked
from each of the cores for radiocarbon dating at Direct AMS,
the NERC Radiocarbon Facility-East Kilbride and the SUERC
AMS Laboratory for 14C analysis. Six samples were selected from
the Esambu sediment core; four from Namelok, seven samples
were picked from the Kimana core, six from the Ormakau core
and six from the Enkongu site. The samples were selected from
sections where there was a change in sedimentary features such
as texture and color. The number of samples selected for dating
were limited by budgetary constraints.
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TABLE 3 | List of sediment cores collected from Amboseli wetlands using a hand-operated, D-shaped barrel (5 cm diameter) Russian peat corer (Jowsey, 1966).
Core name Core length
(cm)
Coring
year
Basal age
(cal yr. BP)
No. of
dates
Coordinates Elevation
(m asl)
Sediments
Enkongu Narok 195 2009 2,002 6 −2.704661, 37.260777 1,136 Massive organic silty gyttja,
low organic content at base
Olondare 250 2009 NA 0 −2.703064, 37.314742 1,138 Massive organic silty gyttja
Isinet 420 2009 NA 0 −2.748964, 37.514486 1,222 Massive organic silty gyttja
Esambu 247.5 2009 4,500 5 −2.711914, 37.554358 1,196 Massive organic silty gyttja,
low organic content at base
Namelok 400 2005 2,500 4 −2.706910, 37.456199 1,161 Massive organic silty gyttja
Ormakau 304 2014 2,700 5 −2.717633, 37.456183 1,173 Massive organic silty gyttja
Kimana Sanctuary 384 2014 1,500 4 2.748833, 37.515367 1,222 Massive organic silty gyttja
The IntCal13 curve (Reimer et al., 2013) was used to calibrate
the dates and presented in calibrated year BP (AD 1950) with
the year 1950 chosen as it was around the time the first
14C dates were obtained (Birks et al., 2012). An age-depth
model was developed for each site using BACON (Blaauw
et al., 2010). The priors set were different for each age-depth
model, for Kimana the minimum depth was set as 0 cm and
maximum depth as 384 cm, the accumulation mean (acc.mean)
was changed to 2 yr/cm as suggested by BACON during the
analysis, a run of cal BP and calibrated 14C dates were used to
run the model with 77.5 sections, acc.shape:1.5, mem.strength:4
and mem.mean:0.7 to produce the age-depth model. The
Enkongu priors were set as minimum depth = 0 cm, maximum
depth= 195 cm, acc.shape:1.5, acc.mean:20, mem.strength:4 and
mem.mean:0.7. The Ormakau priors were set at minimum depth
= 0 cm, maximum depth = 304 cm, acc.shape:1.5, acc.mean:10,
mem.strength:4 and mem.mean:0.7 and 61.5 sections using a
run of cal BP and calibrated 14C dates. The Esambu age-depth
model was developed with minimum depth = 0 cm, maximum
depth = 247.5 cm, acc.shape:1.5, acc.mean:20, mem.strength:4
and mem.mean:0.7 and 49 sections using a run of cal BP and
calibrated 14C dates. An age-depth model was developed for
Namelok, the priors were; minimum depth = 0 cm, maximum
depth= 400 cm, acc.shape:1.5, acc.mean:10, mem.strength:4 and
mem.mean:0.7 and 75 sections using a run of cal BP and
calibrated 14C dates.
Pollen Analysis
A 1 cm3 sub-sample was obtained every 20 cm for pollen and
spore analysis from Kimana, every 10 cm from Namelok, every
5 cm from Enkongu and every 2.5 cm from Esambu following the
standard protocol (Moore et al., 1991). Pollen analysis was not
carried out on the Ormakau sediment core. An exotic marker
(Lycopodium spores) was added prior to pollen analysis to aid
in calculation of absolute concentrations (Stockmarr, 1971). The
1 cm3 was sampled into 100ml beakers together with the one
Lycopodium tablet with a known number of spores (9,666 spores)
added to each sample. 10ml of HCl (to remove the calcium
carbonate in the samples) was added to the samples, vortexed
to encourage mixing of the sample with the acid and placed
on a hot water bath for 2min. Samples were then centrifuged
at 3,000 revolutions per minute (rpm) for 3min and the liquid
decanted. Seven milliliter of distilled water was added to each
sample, vortexed, centrifuged and the liquid decanted. This was
done twice to remove all the HCl. Seven milliliter of distilled
water was added to each sample, vortexed, centrifuged and the
liquid decanted. This was done twice to remove all the HCl.
Twenty milliliter of 10% KOH (to digest organic matter) was
added to the samples, which were then gently boiled while mixing
on a hot plate to facilitate peptisation for 5min, and then left
to cool. The samples were sieved (to remove large unwanted
particles) through 250m mesh screens into 15ml polypropylene
centrifuge tubes and centrifuged for 1min at 2,000 rpm and the
liquid decanted. Samples were then washed twice with deionized
water by adding 2–3ml deionized water, thoroughly shaking the
samples, topping up with water and centrifuging at 2,000 rpm for
1min.
If carbonates were still present 1ml ethanol and 1ml H2O
were added and the sample vortexed. Seven ml of 96% Glacial
acetic acid was added and carefully mixed into the mixture
and left for 8–12 h. Samples were then washed with deionized
water to prepare for acetolysis. During acetolysis samples were
washed twice with acetic acid, i.e., 4ml, Acetic acid was added
to the samples and centrifuged at 2,000 rpm for 1min and the
clear liquid decanted. Acetolysis mixture 96% H2SO4: Acetic
anhydride at a ratio of 1:9 was added to the samples, which
were heated in aluminum block heater to 100C. The acetolysis
mixture digests the cellulose covering the pollenmaking the exine
features distinct. The tubes were vortexed and heated further
for 10min. Samples were centrifuged and decanted to remove
acetolysis mixture and washed twice in deionized water.
Heavy liquid separation using Sodium polytungstate
(3NaWO4.9WO3.H2O with d = 2) was carried out to separate
the pollen from the remaining organic material. Three ml of
the heavy liquid was added to samples and vortexed, water was
carefully added using a glass rod to prevent mixture of the two
liquids, the mixture was centrifuged at 3,000 rpm for 1min and
an organic suspension layer appeared at the boundary between
the heavy liquid and water before the organic suspension was
then carefully transferred to another test tube and samples
were washed twice in deionized water. Prepared samples were
transferred to residue tubes using 96% alcohol, centrifuged and
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FIGURE 2 | BACON age-depth models of (A) Kimana, (B) Enkongu, (C) Ormakau, (D) Esambu, and (E) Namelok wetlands from the radiocarbon dates acquired from
the various labs.
decanted. Glycerine (same volume as residue) was then added
to the sample and the tubes left to evaporate in stove at 60C.
Pollen samples were mounted onto the pollen slides where the
identification and enumeration of the pollen, spores and micro
charcoal was carried out at a magnification of 400–1,000 and
from each slide a minimum of 300 pollen grains, excluding
Poaceae and Cyperaceae, using a Leica DM4000B. The pollen
grains were identified using images and descriptions from the
African Pollen Database and published atlases (Hamilton, 1976;
Hamilton and Perrott, 1980).
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For each of the sites, a b-stick analysis was carried out to
determine the suitable number of pollen zones. The zones were
then delineated by carrying out a constrained incremental sum
of squares (CONISS) analysis.
Charcoal Analysis
Subsamples of 1 cm3 of sediment were extracted at 1 cm
intervals from the Kimana and Ormakau cores, every 0.5 cm
from the Enkongu Narok core, and between 1 and 5 cm from
the Esambu core. Macrocharcoal analysis was not carried out
on the Namelok sediment core. The samples were soaked in
sodium hexametaphosphate solution and a drop of hydrogen
peroxide to disaggregate the samples and aid in the separation
of the organic material and the clay particles (Bamber, 1982;
Schlachter and Horn, 2010; Whitlock et al., 2010). Samples
were wet sieved through a 125µm mesh, the retained charcoal
were identified by visual inspection and probed with a metal
needle, and pieces were tallied under a Zeiss Axio Zoom V16
microscope at 10–40 X magnifications. All pieces above 125µm
were counted and the counts converted to charcoal concentration
values, i.e., number of particles per unit of volume (pieces/cm−3)
and charcoal concentration rates (number/cm2/yr−1).
Archeological and Historical Synthesis
This paper provides an overview of the literature pertaining
to human occupation of the Amboseli area and pastoralism in
East Africa more generally in the mid to late Holocene. Both
primary (archival documents, oral histories, preliminary data on
archeological surveys and excavations) and secondary sources
were consulted to generate insight on human-environmental
interaction in the pre-colonial and colonial era (Chuhila, 2016;
Shoemaker, in prep). More detailed results on archeological
research in Amboseli investigating change and continuity in
pastoral livelihoods over the last thousand years is forthcoming
(Shoemaker, in prep). Further examination of the history
of twentieth century land use change on Kilimanjaro is
available in Chuhila 2016. Yet rather than summarizing these
archeological and historical studies, which were guided by
complimentary but not identical research questions, this
section instead explores potential ways that people may have
directly and indirectly modified the vegetation and water
catchment system in the wider Amboseli region, and how
livelihood adaptations may have responded to changing wetland
environments over the last c. 5,000 years. In order to avoid
overly reducing the complexities of ecosystem dynamics on
this landscape, or evoking environmentally deterministic
explanations for livelihood change, this section is necessarily
vague. The complications of combining and interpreting
paleoenvironmental and archeological records are fully
acknowledged. Yet, as the incompleteness of paleoenvironmental
and archeological records will never be resolved, this must
not preclude attempts to understand their interaction. The
integration of historical, archeological and paleoenvironmental
data in contemporary human-environmental models is
critical, and this section is in contribution to their ongoing
synthesis.
Modeling
We developed an ABM to understand the interactions between
biophysical and socio-economic drivers of land use change by
exploring the role of rainfall, socio-economic circumstances, and
governance factors, in driving land use decisions by pastoralists
and the impact of land use change on wildlife densities across the
Amboseli landscape from 1950 to present. Coupled biophysical
and socio-economic data can be used to link the interaction
between natural and human factors (Boone et al., 2011). The
biophysical variables (i.e., the availability of grazing resources)
were simulated by the LPJ-GUESS (Smith et al., 2001) dynamic
global vegetation model and were provided as an input to link
together with other socio-economic variables in the ABM. LPJ-
GUESS is a deterministic, process-based vegetation model that
simulates plant physiological and biogeochemical processes as a
function of changing climates (Lindeskog et al., 2013; Pachzelt
et al., 2013; Bodin et al., 2016). It is driven by temperature,
rainfall and atmospheric CO2 concentrations, with simulations
run at both daily and annual time steps at a spatial resolution
of 0.5 degrees (Bodin et al., 2016). Vegetation is represented
as plant functional types distinguished by bioclimatic limits,
morphology, phenology, photosynthetic pathway and life history
strategy (Ahlström et al., 2015; Jönsson et al., 2015). The plant
functional types compete for water and light (Lehsten et al.,
2016) and their changing distribution at regional and functional
scales is simulated (Quillet et al., 2010; Scheiter et al., 2013).
ABMs can be used for linking the biophysical and socio-
economic components of social-ecological systems characterized
by multiple, stochastic and non-linear interactions (Matthews
and Bakam, 2007; Rounsevell et al., 2012; Bert et al., 2014).
Applications of ABMs offers a mechanism for incorporating
human decision-making criteria on land use change at multiple
scales (Matthews et al., 2007; Schindler, 2013; Bert et al.,
2014).
The period for the ABM is from 1950 to present. Long-term
mean rainfall from Climatic Research Unit (CRU) was used in
LPJ-GUESS to simulate vegetation biomass for Amboseli for the
period between 1950 and 2005 at 0.5× 0.5 degree resolution. The
simulated biomass was converted to kilograms per kilometers
squared and used as input data in the ABM to simulate the
biomass available to wildlife and livestock. To parameterize other
ecological and socio-economic variables used in the ABM, we
used data on animal densities, grazing rates, income levels,
household densities and irrigation probabilities from literature
focussed on pastoralists/agropastoralists in Amboseli (De Leeuw
and Tothill, 1990; BurnSilver, 2009; Nkedianye et al., 2009) and
from the 2009 Kenya census (KNBS, 2010). For each parameter,
we used the mean and standard deviation to incorporate
stochasticity in the ABM. To capture multiple land use change
behaviors observed in Amboseli in the ABM, we applied the
principle of pattern oriented modeling (POM) (Grimm et al.,
2005) in the model design. We used insights from semi-
structured interviews conducted with pastoralists in Amboseli
in January and February 2016. The interviews focussed on the
history and drivers of land use types, land tenure, livelihood
strategies and land management.
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The ABM was built in NetLogo (version 6.0.2; Wilensky,
1999). The model design adopted the “pattern oriented
modeling” (Grimm et al., 2005) approach, using multiple land
use change behaviors observed in the Amboseli ecosystem as a
guide. Some of these system behaviors include: (1) pastoralism is
hampered in subdivided rangelands that are densely populated,
(2) high rainfall areas are the first to be converted to rain
fed agriculture, (3) there is a high probability of irrigated agro
pastoralism near wetlands, and (4) with high wildlife density
and significant benefit from wildlife conservation initiatives,
landowners are likely to use their land for conservation. Using
empirical data from local community experts in Amboseli,
from literature (De Leeuw and Tothill, 1990; BurnSilver, 2009;
Nkedianye et al., 2009; Okello et al., 2016), and the latest (2009)
Kenyan census, we derived parameters and values for socio-
economic and some ecological factors such as income levels per
land use types, household density, number of tropical livestock
units and wildlife density. The influence of grazing resources
and socio-economic factors on land use type and the impact of
adopted land use types on wildlife was then simulated.
RESULTS AND DISCUSSION
Amboseli Chronology
Five wetlands (Figure 2) across Amboseli have been radiocarbon
dated to provide a chronological framework for past
ecosystem histories. Although the sites have complex age-
depth relationships, and were treated with large chronological
uncertainty regarding their interpretation, there are coherent
patterns of paleoenvironmental change at individual sites and
across the sites.
Five dates from Kimana wetland when modeled give the
basal date of Kimana core to be ∼1,200 cal yr. BP. The model
recognizes the age from 310 cm as an outlier as it is younger
than the depths from the two levels above it (Figure 2A). The
Enkongu core has a basal date of ∼2,000 cal yr. BP modeled
from the six radiocarbon dates. There is an age reversal where
the sample from 100 cm was older than the samples from two
lower depths, as a result three dates were noted as outliers and
not modeled (Figure 2B). At Ormakau, the six dates are modeled
to give a basal date of ∼2,700 cal yr. BP with one date left out
of the model (118 from 150 cm) which was also recognized as
an outlier due to being younger than the two dates above it
(Figure 2C). Linear interpolation of the six Esambu radiocarbon
dates show that the sediment record spans from ∼4,974 cal
yr. BP (Figure 2D).The Namelok age-depth model (Figure 2E)
incorporated all four radiocarbon dates spanning from ∼2,594
cal yr BP to present.
There are several probable causes for the abrupt changes
in sedimentation rates, the potential hiatus or reversed ages
observed in these cores: they may have an erosional cause
resulting from the change from dominantly semi-arid conditions
to increasedmoisture, or a depositional cause by increased aridity
with subsequent cessation or very low sediment accumulation.
Significant bioturbation by the wildlife that utilize these semi-
arid wetlands could also disturb the stratigraphic order of the
sediments. Despite these chronological challenges, coherent and
repeatable age-depth models can be constructed from the sites
and the proxy evidence appears similarly robust with coherent
signals of change detected through the sedimentary sequences.
Amboseli Vegetation Dynamics since the
Mid-holocene
The pollen data from Esambu, Namelok and Enkongu (Figure 3)
are summarized into broad ecological groups that enable
comparison between the sites and engender linkages to other
stands of evidence. Across the landscape sedges (Cyperaceae
and Typha sp.), grasses (Cenchrus ciliaris, Cynodon dactylon,
Digitaria ciliaris, and Pennisetum sp.), shrub and tree species
in the adjacent riverine areas (Acacia spp., Amaranthaceae,
Balanites spp., Commiphora spp., Euphorbia spp., and
Tabernaemontana elegans) currently dominate the wetlands.
The assemblage indicates that vegetation mosaics had different
compositions in the past, and in what follows contrasts between
these will be treated as successive discrete time periods that
characterize the main phases of environmental change.
Between ∼5,000 and 2,000 cal yr. BP, as seen in ESAM1
(Figure 3), the local Esambu ecosystem was a semi-arid
woodland environment with Amaranthaceae/Chenopodiaceae
and Acacia spp. as the dominant taxa followed by Asteraceae
and Capparis sp. Low abundances of aquatic and semi-aquatic
taxa (i.e., Cyperaceae, Nymphaea sp., Typha sp., and Tapura sp.)
indicate that the Esambu wetland was much more restricted than
today. There was a high presence of non-pollen palynomorphs
(NPP) abundance and the most dominant species suggest a high
herbivore density, implying wild herbivores were concentrated
within a relatively small area to access water and grazing.
The Namelok record also suggests that the vegetation around
the wetland was more open from ∼3,000 to 2,100 cal yr. BP
with low abundance of tree taxa coupled with an increase
in the abundance of shrubs and herbaceous taxa. Charcoal
concentration at Esambu (Figure 4) was very low suggesting few
fires, due to the reduced fuel connectivity because of the low
vegetation cover.
From ∼2,000 to 400 cal yr. BP (ESAM2) there was increased
moisture and fuel connectivity linked to macrophyte expansion
around the Esambu wetland margin. There was an increase in
pollen diversity with increased shrub and woodland (Balanites
sp. and Cordia sp.) and aquatic taxa as well as Afromontane
taxa (Celtis sp., Commiphora sp., Croton sp., Juniperus sp.,
Olea sp., and Schefflera sp.) on the adjacent highlands. The
Namelok record (Figure 3) captures an arid phase maintaining
the open semi-arid shrubs and low aquatic taxa abundance
between ∼2,100 and 1,700 cal yr. BP (NAM2). From ∼1,700 to
1,200 cal yr. BP, the Namelok record (NAM3) indicates a mesic
phase with the increase of herbaceous taxa and Syzygium sp.,
followed by a decrease in Syzygium sp. coupled with an increase
in Acacia spp., Amaranthaceae/Chenopodiaceae, Euphorbia sp.
and particularly Poaceae up to ∼700 cal yr. BP. The Enkongu
record (ENK1 and ENK2) indicates that the period between
∼2,000 to 900 cal yr. BP was relatively mesic compared to the rest
of the record, dominated by aquatic taxa, Poaceae, Asteraceae,
Amaranthaceae, Solanum sp. andMaesa sp. forming a woodland
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FIGURE 3 | Pollen taxa identified from Enkongu, Namelok, Kimana and Esambu sediment records since the mid Holocene classified into vegetation types (aquatic,
grasses, herbaceous, shrubs, trees, Afromontane and the Cyperaceae:Poaceae ratio). Table S2 lists all the pollen taxa and can be referred to for taxa in each group.
savannah where woody taxa dominated over the non-woody
taxa. There was an increase in charcoal concentration relative
to the previous period suggesting greater fire frequency as the
increased shrub and herbaceous taxa increased fuel load and
connectivity. From ∼700 cal yr. BP, there was a significant
increase in the Cyperaceae and Poaceae abundance, in the
Esambu record Cyperaceae, Poaceae and Typha sp. (aquatic
taxa and grasses) dominate ESAM3. Within the Namelok record
(NAM4) Asteraceae, Cissampelos sp. and Syzygium sp. decreased
with increases in Acacia spp., Amaranthaceae/Chenopodiaceae,
Cyperaceae and particularly Poaceae from 500 cal yr. BP.
Within Enkongu (ENK3), the dominating taxa are the shrubs
Amaranthaceae/Chenopodiaceae, Commelina sp., Solanum spp.
and Asteraceae while the Poaceae abundance significantly
increases.
Across the sites, the last ∼500 cal yr. BP is identified as
a significant period with drastic differences in macro charcoal
records (Figures 3, 4). There is a significant decrease in macro
charcoal concentration in the Esambu record however within
the Kimana record there is a significant increase in the macro
charcoal concentration (Figure 4). The pollen records point to
increased standing water (∼400 cal yr. BP) and within the recent
past (100 cal yr. BP to present) an intensification of human
modifications to the channels and wetland area for agriculture
within the Esambu wetland. The Cyperaceae: Poaceae ratios
(Figure 3) can be used as an indicator of water level where
an increase in only Cyperaceae is due to falling water levels
exposing sediment and providing a greater habitat for expansion
of marginal wetland plants. Within the last ∼500 cal yr. BP,
the Cyperaceae: Poaceae ratio (Figure 3) indicates a consistently
open landscape after a drop in the water level, reducing the size of
the wetland at Enkongu. The Namelok record shows a previously
open landscape and a continued reduction in the size of the open
water area while Esambu shows a fluctuating extent of open water
area.
Livelihood Strategies in Amboseli from the
Mid Holocene
Archeological evidence suggests that many of the changes in
vegetation in East Africa during Late Holocene were influenced
by changes in human land use (Table 4). The following sections
outline regional and local archeological and historical records
to provide further detail concerning possible anthropogenic
landscape modifications in Amboseli. Also considered are
the potential ways that people in Amboseli responded to
environmental changes.
Late Stone Age >c. 4,500 BP
In the early–mid Holocene, Late Stone Age (LSA) hunter-
gatherer groups occupied eastern Africa including the Rift
Valley in Kenya and Tanzania and adjacent highlands (Kusimba,
2013). Archeological evidence in the Central Rift suggests
that LSA hunter-gatherer groups used rock shelters at forest-
grassland ecotones and open-air savannahs (Mehlman, 1979;
Ambrose, 1984, 1998; Marean, 1992; Kusimba, 1999, 2001).
Faunal assemblages indicate hunting of forest-savannah game,
though honey was also an important food (Ambrose, 1984;
Marean, 1992). Little is known about LSA hunter-gatherer
plant use in east Africa, but ethnographic analogies suggest
people would have been consuming, tending, and transplanting
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FIGURE 4 | Macrocharcoal records from the Esambu, Kimana, Ormakau and Enkongu sediment records since the mid Holocene. The ∼500 cal yr. BP zone where
macrocharcoal concentration changes differ significantly across the sites is highlighted.
TABLE 4 | Outline chronology of different archeological periods and material traditions in eastern Africa (after Lane, 2013).
Age BP
(kyr)
Archeological
periodization
Selected LSA stone
tool industries
Pastoralist and other ceramic
traditions
Dominant subsistence strategies and other trends
0 Historically documented
ethnic groups
None Variable—named after contemporary
pastoralist, farming and foraging
ethnic groups
Major inter-sectional and inter-ethnic reconfigurations
∼200 cal yr. BP.
Specialized pastoralism and settled agriculture
widespread, with encapsulated pockets of
hunting-and-gathering
1 Later IA (LIA) and Pastoral
IA (PIA)
Indeterminate quartz
and obsidian based
Kisima from c. 750–200 BP (PIA)
Lanet/Sirikwa from c. 1,200–300 BP
(PIA) Diverse LIA ceramic traditions
Specialized pastoralism
Mixed herding and horticulture First use of metals among
herders ∼1,200 BP
2 Early Iron Age (EIA), Late
Pastoral Neolithic
Indeterminate quartz
and obsidian based
Urewe c. 2,500–1,000 BP
Akira c. 1,900–1,200 BP
Maringishu to c. 1,700 BP
Kwale c. 1,800–1,400 Tana/Triangular
Incised Ware—c. 1,400–1,000 BP
Early farming and iron using
Mixed pastoral economies shift to more mixed
herding-hunting economies and fluid ethnic boundaries
∼1,900–1,200 BP
3 Pastoral Neolithic Traditions
(Savanna Pastoral Neolithic
(SPN) and Elmenteitan
Elmenteitan SPN Narosura c. 2,800–1,400 BP
Elmenteitan c. 3,300–1,300 BP
Possible formation of a “static” frontier between herders
and hunter-gatherers ∼3,000–1,900 BP, and first
occurrence of “specialized” pastoralism
4.5 Initial Pastoral Neolithic (PN).
Overlaps with later LSA
Eburran 5
LSA-“Bone harpoon”
sites
Nderit & Ilert c. 4,800–1,500 BP
Wavy Line
Era of initial “moving frontiers” of pastoralism,
∼4,800–3,000 BP
6 Later LSA Eburran 4 Aceramic Immediate return Hunting-Gathering
Kansyore Kansyore Delayed return of Hunting-Fishing-Gathering
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wild plants to varying degrees (Marshall, 2001; Marlowe and
Berbesque, 2009). On the shores of Lake Turkana and Lake
Victoria, hunter-fisher-gatherer peoples also intensively exploited
lacustrine resources including fish and shellfish (Robbins, 1972;
Lane et al., 2006, 2007; Dale and Ashley, 2010; Prendergast and
Lane, 2010; Prendergast and Beyin, in press).
Prior to the adoption of crops and livestock, regional aridity
caused forests to recede to higher elevations, grassy savannah
expanded as lake levels fell, and rainfall decreased from ∼ 5,000
cal yr. BP (Ricketts and Johnson, 1996; Damnati, 2000; Gasse,
2000; Marchant and Hooghiemstra, 2004; Russell and Johnson,
2005). In the Central Rift, LSA hunter-gatherers may have shifted
settlement locations to higher elevations as savannah-montane
forest ecotonal areas advanced in elevation (Ambrose and Sikes,
1991). In Amboseli, the Esambu pollen record from this study
suggests that while the local ecosystem was dry, the permanent
water availability of the wetlands still served to attract herbivores
in relatively dense concentrations. During this period of intense
aridity, Amboseli wetlands were perhaps one of a few permanent
sources of water in an otherwise dry landscape. These wetlands
may have been of particular importance to hunter-gatherers and
wildlife at this time. Conversely, during the mid-Holocene Dry
Phase foragers may have preferentially occupied higher elevation
zones, such as on nearbyMt. Kilimanjaro.More intensive surveys
and excavations focused on elucidating the history of Holocene
hunter-gatherers in Amboseli is required to clarify these
issues.
Regionally, evidence suggests that some pre-pastoral LSA
foragers engaged in moderate delayed-return subsistence
strategies (Dale and Ashley, 2010), and fire was quite possibly
used in Amboseli as a tool for landscape management from an
early time. Contemporary hunter-gatherers in southern Africa
are known to strategically burn grasslands (Lee, 1979), for
example, as periodic burning in savannah environments serves
to reduce and break up homogenous bush cover, promoting the
productivity and diversity of biomes (Butz, 2009; Bond and Parr,
2010; Kamau and Medley, 2014). There are no known securely
dated LSA hunter-gatherer occupation sites in Amboseli,
however, making it difficult to surmise the behavior of early-mid
Holocene inhabitants. It is likely that early foragers in Amboseli
incorporated wild edible plant foods into their diets, consuming
a variety of the starchy tuberous roots, fruits, legumes, grains,
and leafy greens that occur in the landscape today (Altmann
et al., 1987). It is possible that fishing also formed a component
of hunter-gatherer diets in Amboseli at some time in the past.
Catfish and other fish bones have been found in the dried
Amboseli lakebed (Foley, 1981), and fish currently persist in
the wetlands; although, they are not exploited as is the case in
some wetlands of Tanzania (Hamidu et al., 2017). Hunting and
scavenging of terrestrial fauna, also potentially contributed to
LSA forager livelihoods in Amboseli.
Pastoral Neolithic (c. 4.5–1.5 ka BP)
Livelihood strategies based on domesticates began emerging as
early as c. 4,800 years ago in northern Kenya, and by c. 4,100 cal.
BP in south-central Kenya and northern Tanzania, marking the
beginning of the Pastoral Neolithic (PN) in these areas (Lane,
2011a; Crowther et al., in press). Pottery wares such as Nderit
and Ileret are found in association with wild fauna and the rare
caprine dating to this time, indicating the nominal incorporation
of domesticates into hunter-fisher-gatherer livelihoods (Gifford-
Gonzalez, 2000). The transition to pastoralism in East Africa was
neither immediate, nor comprehensive (Lane, 2004; Prendergast
and Beyin, in press). Overall, during themid-5th–4thmillennium
BP, domestic taxa constituted increasingly larger proportions of
faunal assemblages and new technological traditions emerged,
including the Savannah Pastoral Neolithic (SPN) (Marshall,
1990). SPN encompasses a diversity of archeological contexts
associated with the onset of pastoralism in eastern Africa that
bear certain material signifiers, such as Narosura ceramics and
stone bowls (Wandibba, 1980; Robertshaw and Collett, 1983).
Around Amboseli, the earliest and closest archeological
evidence for pastoralist habitation comes from an SPN site on
the lower western slopes of Mt. Kilimanjaro (4,100 cal yr. BP)
(Mturi, 1986). On the Galana River in nearby Tsavo livestock also
appear in archeological deposits dated to c. 3,800 BP (Wright,
2005, 2007). At present, evidence for PN occupation of Amboseli
is entirely based on survey finds, including ceramics bearing
affinity to Narosura and Akira pottery wares and a fragmented
stone bowl (Foley, 1981; Weissbrod, 2010; Shoemaker, in prep),
making inferences about settlement and subsistence strategies
difficult. The cultural provenience of Akira ware is also not well
established (Ashley and Grillo, 2015), though radiocarbon dates
from the type site GuJi 2 range between 1,255 and 1,695 cal yr. BP
(Bower et al., 1977), spanning the Pastoral Neolithic–Iron Age
time period. The association elsewhere between Akira with PN
sites containing predominantly wild faunal assemblages has led
to the suggestion that Akira pottery was produced by hunter-
gatherer groups, and its wide distribution perhaps indicates its
value as a trade good (Robertshaw, 1990). Akira ware may also
be associated with a “final phase” of SPN expansion wherein wild
resources were more wholly embraced (Bower, 1991).
Transitions to pastoral livelihoods were nevertheless
underway before the end of the Mid-Holocene Dry Phase in East
Africa. Early herders in Kenya contended with novel epizootic
challenges and comparative aridity, factors which may have
contributed to the lag in time between the first appearance
of domesticates and the emergence of specialized pastoralism
(Gifford-Gonzalez, 1998, 2000). Lake levels in northern Kenya
appear to have been returning to higher stands around 3,300 cal
yr. BP (Garcin et al., 2012), though the Esambu and Namelok
pollen records from this study (Figure 3) indicate that wetter
conditions did not prevail in Amboseli until after 2000 years ago.
Long-term trends in aridity are not the sole considerations; the
improved predictability and volume of bimodal rainfall regimes
after 3000 years ago may have also encouraged specialized
pastoralism across the region (Western and Finch, 1986;
Marshall, 1990, 1994; Bower, 1991). However, the processes by
which pastoralists became woven into the socio-economic fabric
of East Africa were not entirely dependent on weather patterns.
Livestock herding emerged and reproduced in multiple and
dynamic ways across a myriad of landscapes during the span
of millennia, and while the climatic context of this history is
important, it did not determine it.
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There is also increasing recognition that PN herders were not
only responsive to environmental factors but that the arrival of
livestock in East Africa also conditioned “emerging ecosystems”
(Milton, 2003; Hobbs et al., 2006), with new species compositions
and relative abundances driven by human interventions that had
not previously existed. The soil nutrient and water retention
enhancing properties of livestock dung, for instance, are known
to lead to distinct successions of vegetation on abandoned
pastoral settlements (Dunne et al., 1978; Western and Dunne,
1979; Reid and Ellis, 1995; Muchiru et al., 2009; Boles and
Lane, 2016). There may have also been an acceleration of
anthropogenic burning activity and a decline in dense bushland
and woodland vegetation due to interventions by emergent
herders in the latter half of the Holocene. After the inception of
herding, the burning of vegetation in Amboseli may have served
to improve the quality of pasture (Archibald and Bond, 2004),
and to moderate tsetse-harboring woodlands and bushlands
(Gifford-Gonzalez, 2000). The introduction of livestock to
Amboseli would certainly have exerted considerable influence
on the ecological development of the wetlands and surrounding
environs. The timing and local circumstances under which
livestock were adopted in Amboseli are still under evaluation,
however. What is known is that the wetlands of Amboseli
remained a source of permanent water on the landscape, no
doubt attracting wildlife and livestock to some degree.
Emergence of Farming Communities (c. 2 ka BP)
Current evidence suggests that from around 2,000 years ago the
first farming communities begin to be established in the western
part of the region, spreading steadily eastwards and likely co-
existing with established PN and LSA groups (Lane, 2004). In
regional archeological terminology, the arrival of the first farmers
marks the start of the Iron Age, traditionally distinguished
(Oliver, 1966) by knowledge of iron working, the introduction
of proto-Bantu languages, new pottery types, and the cultivation
of African root (yams) and cereal (sorghum, pearl millet, finger
millet) crops, supplemented by various legumes (De Langhe
et al., 1995; Fuller andHildebrand, 2013). Indian Oceanmaritime
exchange between Southeast Asia and Africa’s eastern coast in
the latter part of the (∼1,500–1,000 cal yr. BP), if not earlier,
was also responsible for the introduction of additional crops and
animal species (De Langhe, 2007; Fuller and Boivin, 2009; Fuller
et al., 2011a,b; Boivin et al., 2013, 2014; Prendergast et al., 2017;
Crowther et al., in press).
Direct evidence for iron production (e.g., slag, tuyères)
has not yet been recovered in the Amboseli area; although
various Iron Age pottery wares and habitation sites are certainly
present (Soper, 1976; Shoemaker, in prep). Furthermore, while
the low-rainfall in the Amboseli basin (Figure 5) suggests this
would not have been a viable area for agriculture, the potential
for cultivation immediately surrounding the wetlands or at
higher-rainfall altitudinal, zones within the Amboseli ecosystem
cannot be dismissed. The Esambu and Namelok pollen records
(Figure 3) show periods of increased precipitation where there
is increased shrub and tree taxa (Nampoll4 and Esampoll1).
Finds of grinding-stones, stone rings (potentially used as digging
stick weights) and Early Iron Age Kwale pottery provide indirect
evidence for farming and iron manufacturing communities on
the northwestern slopes of Mt. Kilimanjaro going back as far as
two millennia (Fosbrooke and Sassoon, 1965; Odner, 1971). Still,
the higher precipitation rates on the southern and eastern slopes
of Mt. Kilimanjaro were probably more attractive to agricultural
settlement than the northern and western slopes, which lie in
the rain shadow of the mountain (Stump and Tagseth, 2009).
Livestock herding and foraging inhabitants of Amboseli would
have been well situated to trade with iron working and farming
communities on Mt. Kilimanjaro and in other highland areas to
the southeast.
Concurrent with the arrival of Iron Age farming communities,
there is some evidence to suggest a transition in pastoral
economies in the Central Rift Valley between 1,900 and
1,300 cal yr. BP with herders shifting away from specialized
pastoralism toward more highly mobile settlement strategies
and a greater reliance on wild foods (Bower, 1991). Settlement
sites in southwestern Kenya also appear to become smaller
in comparison to earlier PN occupations (Robertshaw, 1990),
perhaps being a factor of increased mobility. There is
no indication that PN diets or mobility patterns changed
substantially on the Galana River in Tsavo during the second
millennium BP, however, (Wright, 2007), highlighting the
potential diversity of pastoral adaptations during this time.
With the adoption of agriculture and metallurgy in the
wider region after 2,000 cal yr. BP came opportunities for the
intensification of trade and interactions between pastoralists,
foragers, farmers and iron working communities in Amboseli.
As documented elsewhere (Lane, 2011a; Crowther et al.,
in press), a dynamic mosaic of livelihoods including foraging,
hunting, specialized herding, farming, and combinations thereof
would have existed in the wider Amboseli area. Specialized
relationships between farmers and herders may have even
facilitated new, more intensive management and production
systems by pastoralists and agriculturalists (Robertshaw, 1990;
Davies, 2015). Unfortunately, compared to the coastal strip
(Helm, 2000) and the Lower Pangani Valley to the south (Walz,
2010), little is known about the scale and dimensions of economic
activity in Amboseli during the earliest Iron Age.
As agricultural and iron producing communities in East
Africa emerged, a transformation in the capacity for people to
modify their environments to suit their habitation (i.e., human
niche construction) occurred (Boivin et al., 2016). Introductions
of novel agricultural crops to the region would have also
brought new pathogens, non-domesticated “weed” species, and
some pre-existing taxa would have thrived on the biomes
emerging on cultivated plots (Baker, 1991). The degree to which
regional vegetation was modified by iron working is still under
investigation though iron manufacturing in East Africa required
charcoal, the production of which can be, though certainly not
always, be linked to reductions in forest cover (Iles, 2016).
Anthropogenically driven transformations of flora and fauna,
potentially including land clearance and soil erosion on Mt.
Kilimanjaro may have intensified, as has been observed in the
Pare Mountain bloc over the last 2,000 years (Heckmann, 2014),
with a spike in human landscape modifications occurring ∼500
cal yr. BP, and c. 200 cal yr. BP (Finch et al., 2016). The impacts
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FIGURE 5 | Rainfall driest quarter (A) and rainfall wettest quarter (B) in Kajiado County. The data is derived from WorldClim and it includes any consecutive 3 months
of the year. (https://www.york.ac.uk/environment/research/kite/resources/#citation). In the driest quarter (A), areas near Mt. Kilimanjaro and the eastern side of
Amboseli National park are wetter than other parts of Amboseli. These areas have been dry season grazing reserves for both wildlife and livestock but are now
challenged with agricultural encroachment and habitat fragmentation. In the wettest quarter (B), a rainfall gradient is observed in the Amboseli area with the eastern
areas being wetter than the western areas.
of such anthropogenic activities and potential modifications to
the water catchment system may be responsible in part for the
apparent shift in the hydrology and biota of the wetlands in
Amboseli 500 years ago, though the mechanisms of this have
yet to be discerned. The increased opening up of the landscape
implied by increase in Poaceae and Cyperaceae accompanied by
an increase in local fires suggested by the macro charcoal is one
such indication of anthropogenic driven change.
The Later Iron Age (c. 0.5 ka BP−1900 CE)
During the last thousand years, there is mounting evidence
that major socioeconomic and environmental changes were
underway in the wider Amboseli region. A change in land use
was taking place in locales across the region by the mid-first
millennium BP, if not earlier, in the form of irrigation agriculture
(Stump and Tagseth, 2009). Progressive anthropogenic land
modification linked to agriculture was already occurring ∼600
cal yr. BP inNorth Pare (Heckmann, 2014). In South Pare, greater
levels of forest disturbance and an increase in pioneer taxa in the
last 500 years similarly indicates intensive anthropogenic activity
at montane elevations (Finch et al., 2016). Taken together, these
lines of evidence suggest a certain intensification in agricultural
activity over the last 500 years in the wider area.
Also occurring over the last 500 years was the introduction
to Africa of domesticated plants, including maize, from the
Americas as part of the “Columbian Exchange” (Crosby, 2003).
Maize is now one of the most important crops consumed in
Amboseli, although the date and pathway of its introduction
to East Africa is largely unknown. “New World” crops such as
maize likely arrived at trading ports along the Swahili coast with
the Portuguese. Historical sources indicate maize was present on
Zanzibar by 1643 (White, 1949), and being sold at markets in
Pare by 1861 (Von der Decken, 1869). Paleoecological records
find maize considerably earlier at Lake Naivasha ∼500 cal yr. BP
(Lamb et al., 2003), in the South Pare Mountains by ∼400 cal yr.
BP (Finch et al., 2016), and on the Laikipia Plateau by ∼200 yr.
cal BP (Taylor et al., 2005). The trajectory of maize cultivation on
Mt. Kilimanjaro remains to be discovered, though it was present
in the Loitoktok area in the nineteenth century (Meyer, 1900).
The hunting of elephants in the interior of eastern and
southern Africa to supply external ivory markets has also been
ongoing for centuries (Alpers, 1992; Håkansson, 2004; Shalem,
2005). This trade in ivory from the Swahili coast intensified
considerably during the nineteenth century (Beachey, 1967;
Cutler, 1985; Håkansson, 2004; Lane, 2010). With increasing
involvement in the long-distance ivory trade, an expansion
of irrigation agriculture and centralization of Chagga-speaking
polities is suggested to have occurred on Mt Kilimanjaro’s
southern and eastern slopes (Stahl, 1964; Håkansson, 2008),
resulting in the amalgamation of previously semi-autonomous
clans of diverse ethnic origins, including Maa-speaking groups
(Chuhila, 2016). Cattle, as “the lifeblood of political relationships”
in the regional economy were in high demand in the nineteenth
century (Håkansson, 2008). The entangled consumption of
livestock and crops 200 years ago with the ivory trade elevated
their status from mostly of significance to local and regional
exchange, to that of international commerce.
The depopulation of elephants in Amboseli due to hunting
may have also induced ecosystem shifts. In nearby Tsavo, for
instance, an increase in elephant hunting has been suggested to
have caused an expansion in scrub vegetation (Kusimba, 2009),
although this link has not been conclusively established. Available
paleoecological records from Kanderi Wetland (Gillson, 2004)
indicate a marked phase transition from woodland to grassland
in the Tsavo area commencing ∼420 cal yr. BP and lasting
to ∼180 cal yr. BP, after which there was a return to more
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wooded conditions. Gillson (2004) tentatively attributes the
opening up of the Tsavo landscape around 420 cal yr. BP to
increased herbivory, probably elephant, but notes that phase
transitions from grassland to woodland may be attributed to
factors other than a decline in herbivore density. Elephants are
known to exert a great deal of control over the vegetation in
Amboseli, as has been shown by the loss of trees and shrubs in
Amboseli National Park since the mid-1960s (Western, 2006).
As rising numbers of elephants have come to seek refuge in
the protected space, Acacia xanthophloea and Acacia tortilis
woodlands have been heavily grazed and impeded from recovery
(Western and Maitumo, 2004). However, very little is known
about the local circumstances under which elephant populations
were hunted in Amboseli over the last 500 years, making it
difficult to evaluate the hypothesis that woodlands expanded over
this time due to the removal of elephants. The exact extent of
defaunation of elephants in the interior of East Africa is under
investigation (Coutu et al., 2016). More information is available
for the nineteenth century. Various historical sources indicate
that elephants were rarely seen in the area east of Kilimanjaro
in the late 1800s (Wimmelbücker, 2009, pp. 130–131). While it is
conceivable that elephant populations were similarly depleted in
Amboseli, it is also possible that elephant numbers increased here
at this time, as these animals sought refuge from comparatively
more extensive hunting activity to the east. Early European
traveler accounts reveal that Amboseli was known to have had
wild animals in abundance, but they also indicate that ivory
hunters were present in the area (Rebmann, 1848; Thomson,
1885). Either way elephants with large tusks existed in the
Kilimanjaro region in the nineteenth century, suggesting that
herds had not been entirely decimated. This is best attested by
a pair of tusks with a combined weight of just under 200 kg from
a large bull elephant reportedly killed on the mountain in 1898,
before being transported to Zanzibar and ultimately landing up
in the Natural History Museum in London (Kunz, 1926), where
they remain.
It is evident that adding to all of these transformations
would have been the accumulation of landscape transformations
driven by pastoral activity in Amboseli over the course of
millennia. Herders continued to influence the spatial and
temporal availability of soil nutrients across the region, with
implications for the composition and distribution of plant
and animal taxa. Anthropogenic transformations in Amboseli
were not on a linear trajectory however, major disruptions
occurring due to droughts, pathogens, and socio-economic
upheavals introduced hiatuses and reversals in long-term
trends.
The intensification and transformation of slavery and slave
trading which occurred during the nineteenth century in East
Africa (Alpers, 1975; Sheriff, 1987; Glassman, 1995) may have
been a particularly insidious cause of turbulence in the wider
region. In the Taita district of Kenya, Kusimba and Kusimba
(2005) suggest that people relocated from the lowland plains to
defensive rock shelters to protect themselves from slave raiding.
There is little to indicate slave trading had a similar impact in
Amboseli, though recognizing slavery in archeological contexts is
challenging (Alexander, 2001; Lane, 2011b). Historical sources do
indicate that early nineteenth century Maa-speaking pastoralists
who are ancestrally linked to the current inhabitants of Amboseli
were involved in the slave trade however (Krapf, 1854).
Considerable disruption and social upheaval among various
livestock herding groups certainly occurred between 1840 and
1870 during the so-called Iloikop Wars (Waller, 1979; Galaty,
1993; Jennings, 2003). Maasai in Amboseli today recount that
during the 1800s groups of Maasai, many of them from Tanzania,
moved into Amboseli and the pastoralists they encountered
were assimilated, migrated elsewhere, or killed. Regional
paleoenvironmental reconstructions are now also indicating a
drought of acute severity at the turn of the nineteenth century
(Verschuren et al., 2000) with a number of social consequences
for pastoral communities (Sobania, 1980; Anderson, 2016; Petek
and Lane, 2016). It may be no coincidence that the Loikop
Wars began toward the end of the 1830s, coinciding with the
recovery of lake levels immediately following the intense drought
and a corresponding recovery of rangeland (Anderson, 2016).
Another period of drought in northeastern Tanzania in the 1830s
may have further catalyzed Maasai movements north into Kenya
(Wimmelbücker, 2009). The impacts of such a severe drought
on societies in East Africa must have been radical, causing
widespread famine, and the loss of livestock and human lives on a
grand scale, and probablymajormigrations. This great drought at
the end of the eighteenth centurymay have created the conditions
for the emergence or perhaps re-instigation of the Maasai in the
following years.
Another disturbance to pastoral livelihoods occurred in
Amboseli in the late 1800s when devastation was brought to
livestock herders across East Africa in the form of bovine
pleuropneumonia, rinderpest, smallpox epidemics, and failed
rains (Ofcansky, 1981; Waller, 1988). Cattle losses are estimated
as high as 90%, while Maasai mortality rates have been suggested
to have been up to 50% of the population overall (Leys, 1924).
European traveler accounts indicate that stockless Maasai had
taken up the cultivation of beans, maize and cassava in the
Loitokitok area of Mt Kilimanjaro, though there were still
pastoralists tending their herds in the Amboseli basin (Meyer,
1900; Bernsten, 1976).
Amboseli in the Colonial Era, c. 1900
At the turn of the twentieth century, the colonial encounter began
in Amboseli ushering in an era of socio-economic sanctions
and geo-political borders inconsistently enforced by two colonial
governments varying in their motivations to maximize the
potential of “Maasailand.” The general trend during the
twentieth century in Amboseli was toward the confinement
of livestock and herders within ever diminishing parcels of
land (BurnSilver and Mwangi, 2007). Rangelands that were
once flexibly and communally managed became increasingly
fenced and settled (Western and Manzolillo-Nightingale, 2003;
Mwangi, 2006; BurnSilver et al., 2007). There has also been
an increase in the area of land cultivated using irrigation,
particularly around the wetlands of Amboseli (Campbell et al.,
2003). These changes have disrupted previous patterns of
mobility and presented challenges to pastoralists living in
Amboseli.
Frontiers in Earth Science | www.frontiersin.org 15 January 2018 | Volume 5 | Article 113
Githumbi et al. Long-Term Multidisciplinary Perspectives at Amboseli, Kenya
In the early colonial period Maasai people received little
support to develop their livestock production sector and were
at times actively hindered by the colonial administration
(Dresang and Sharkansky, 1975; Spencer, 1983; Rutten, 1992);
consequently, diversification of livelihoods toward agriculture
proved attractive. In addition, as European settlers appropriated
large swaths of East Africa (Hughes, 2006) and as populations
rose, conditions were created for the scarcity of land, prompting
the influx of farmers from other areas into the Amboseli region
(Rutten, 1992, pp. 189, 191). The conversion of land for growing
cash crops such as coffee for export also diminished the level of
food security in the Kilimanjaro region (Wimmelbücker, 2009,
p. 395), further encouraging the development of agriculture in
lowland areas that had previously not been cultivated to the same
degree (Chuhila, 2016).
The trend toward the influx of agriculturalists was not linear:
in the 1950s, for instance, there was a reduction in cultivation
throughout Kajiado District due to the eviction of Kikuyu
families suspected to be connected to Mau Mau, though in
this same decade irrigation farming projects were underway
in Loitokitok and Kimana (Rutten, 1992). Irrigation farming
schemes were common in the years following World War II as
colonial authorities turned their attention to the development
of semi-arid rangelands such as Amboseli (e.g., Swynnerton,
1955; ALDEV, 1962). Policies were implemented that aimed to
facilitate the conversion of rangelands to farmlands, and enhance
the productivity of the Maasai livestock economy through
destocking and sedentarization, policies that have had enduring
and often negative impacts on pastoral livelihoods and resources
in Amboseli (Overton, 1989).
Another major development in the later colonial era was
the increased pressure on the government to protect Amboseli
wildlife from livestock, leading to interventions with little
regard for consultation with local pastoralists (Lindsay, 1989).
According to colonial administration reports from the 1950s, it
was perceived that competition between pastoralists and wildlife
had reached an untenable level. A narrative was put forth
at this time that continued grazing in the Amboseli National
Reserve would result in depletion of the area’s resources and
wildlife. For example, Donald Ker, a Kenyan hunter, safari guide,
and conservationist of British descent, warned in 1955 that
there had been an increase in the number of Maasai herds
and that due to overstocking the Maasai must be relocated
to new grazing and watering zones outside the central basin
(Ker, 1955). Ker observed “many of the indigenous herds of
game have been forced to leave what is now a dust-covered
desert for grazing grounds many miles away, and travel back
to their natural watering places to find them occupied by vast
herds of Maasai stock during day-time, so that most of the
grass-eating animals are compelled to drink at night or perish
(1955).” In the late 1950s government authorities attempted
to move livestock concentrations away from the central basin
by constructing boreholes and dams in peripheral areas and
regulating livestock grazing patterns (Lindsay, 1989). In 1974 a
488 km2 portion of the Amboseli basin was gazetted as a
National Park, and Maasai access to this area was severely
restricted.
Estimates of livestock populations between 1948 and 1984
indicate the number of cattle in Kajiado District has fluctuated
a great deal but over the long term the population remained
stable (Grandin, 1991), yet per capita livestock holdings have
been falling steadily in Amboseli since the 1960s (Western
and Manzolillo-Nightingale, 2003). Change in economic and
population dynamics coupled with severe successive droughts for
the pastoralist Maasai in the Amboseli ecosystem over the last
25 years has resulted in a 3.5-fold increase in crop cultivation
supplemented by irrigation (Norman, 2010). Agriculture is more
profitable than pastoralism or conservation, and much of the
farming in Amboseli is dependent on the wetlands (Okello,
2005). Gaps in our knowledge regarding the wetlands, especially
their hydrology, biodiversity and ecosystem functions hinder
their sustainable management.
Modeling Recent Socio-Ecological
Changes in Amboseli
Paleoecological, archeological, historical and ecological research
has determined that many challenges currently facing pastoral
systems in sub-Saharan Africa are attributable to environmental
factors, caused by climate variability and habitat fragmentation,
driven by land use change (Hailegiorgis et al., 2010). Climatic
variability affects the availability of pasture and distribution
of water points (Hailegiorgis et al., 2010) with pasture
production being influenced by rainfall seasonality and storm
patterns independent of total rainfall (Western and Manzolillo-
Nightingale, 2003). In Amboseli, rainfall is highly variable
across months and between years (Altmann et al., 2002;
Figure 5), and droughts are a common occurrence (BurnSilver
et al., 2007). This leads pastoralists to adapt different coping
mechanisms that largely involve changing their land use types
or diversifying their livelihoods. Ongoing modeling research
seeks to understand the feedback between land use change
and the ecology of Amboseli by exploring pastoral land use
change decisions under different climatic and land tenure
scenarios.
The high rates of pastoral land use change in Amboseli are
driven by interacting biophysical, political and socio-economic
factors operating at different time scales. The colonial and
independent governments in Kenya perceived pastoralism as an
inefficient method of managing livestock in Kenyan rangelands
(Seno and Shaw, 2002; Western and Manzolillo-Nightingale,
2003; Mwangi and Ostrom, 2009) and advocated for policies
that supported communal group ranch subdivision (Seno and
Shaw, 2002; BurnSilver et al., 2007; Mwangi and Ostrom,
2009; Sundstrom et al., 2012). Private land ownership was
perceived to bring economic development and a national level
policy in their support was formulated in 1983 (BurnSilver
et al., 2007). Around the same time, poor leadership and
management of group ranch resources led to dissatisfaction
among group members prompting the subdivision of most
Kajiado group ranches from the mid-1970s (Galaty, 1993;
Sundstrom et al., 2012). Additionally, between 1973 and 1984,
immigrant communities from Central and Eastern Kenya, as
well as Maasai herders, further influenced land use change in
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Amboseli by farming on the slopes of Kilimanjaro leading to
rapid expansion of irrigated and rainfed agriculture (Campbell
et al., 2003).
Livestock activities by pastoralists are well adapted to the
variable habitat and shifting patch dynamics of arid and
semi-arid areas (Bulte et al., 2008). Pastoralists’ land use
decisions are based on prevailing environmental and socio-
economic factors and have differential impacts on the ecology
and wildlife structure of dry areas. When deciding their
livelihood strategies, contemporary pastoralists diversify their
economic options and reduce their drought vulnerability using
different strategies, such as agriculture, wage employment,
diversification of livestock production and diversification of
wildlife based revenues (Western and Manzolillo-Nightingale,
2003; Homewood et al., 2009; Reid et al., 2014). Most (92%)
of Amboseli is classified as arid or semi-arid and droughts are
characterized by the failure of either or both the short and
long rains (BurnSilver et al., 2007). After experiencing severe
droughts in 1977 and 1984, most pastoralists in Amboseli settled
near the wetlands and practiced agriculture as a temporary
survival solution and as a strategy to rebuild their herds
(BurnSilver et al., 2007). Though they planned to go back
to pastoralism, most became sedentary and shifted to agro-
pastoralism (BurnSilver et al., 2007). Agriculture was perceived
to have significantly higher and immediate income compared
to wildlife conservation, which has minimal direct benefits for
most households (Okello and D’Amour, 2008). Readily available
water and pastoralists willing to lease their land to farming
communities further promoted commercial agriculture around
the Amboseli wetlands (Okello and Kioko, 2011). Additionally,
wetter parts of Kajiado, which formed dry season grazing zones
for livestock, had been taken up by agriculture posing a challenge
to livestock herding (Western andManzolillo-Nightingale, 2003).
From these activities, a gradient of pastoral land use across
the Amboseli landscape ensued with agro-pastoralism practiced
around wetlands, pastoralism on subdivided lands and extensive
pastoralism in the interior, dry rangelands zones (Homewood
et al., 2009).
Similar trends of sedentarization have been observed in other
pastoral areas in East Africa over the last ∼100 cal yr. BP. The
pastoral Pokot community of northwestern Kenya have changed
from extensive livestock grazing land use to more sedentary
and diversified livelihoods such as rain-fed agriculture, livestock
marketing and honey production (Bollig, 2016; Greiner and
Mwaka, 2016). Like in Amboseli, sedentarization among the
Pokot began in fertile and wet areas, largely the highlands, and
spread to the lowlands (Greiner et al., 2013). Agriculture was
unsuccessfully introduced in the lowlands in the 1980s; however,
by the 1990s, it had expanded to the lowlands where about
30% of households presently practice it (Greiner and Mwaka,
2016). In Loliondo, located in Ngorongoro District of northern
Tanzania, most pastoralists have adopted agriculture combined
with traditional pastoralism with peak levels of agriculture
expansion documented in the 1970s (McCabe et al., 2010).
Interestingly, most of the households adopt agriculture by choice
and not out of necessity (McCabe et al., 2010; Greiner and
Mwaka, 2016).
Understanding these interactions between natural factors and
human activities in Amboseli is challenging because the system is
dynamic, complex and constantly evolving. Our model outcomes
show land use types as number of grids in kilometer squared
(Figure 6). Actors are taken to be autonomous with an ability to
interact with each other and with their environment (Valbuena
et al., 2010). The dominant land use types are livestock grazing,
smallholder agriculture, livestock grazing with conservation
activities and urban or built-up areas. They overlap across the
Amboseli landscape but show some underlying trends based on
key drivers of change. On the whole, communal land tenure is
predominated by livestock grazing while, the levels of livestock
grazing and agriculture do not differ much on private land tenure
(Figures 6A,B). During a wet year, the prevalence of agriculture
rises in communal and private land, where in the communal
land there are fewer numbers of grids with agriculture land
use compared to private land. Availability of financial support
from Non-Governmental Organizations (NGOs) and investors
supporting wildlife conservation initiatives shows a trade-off
between conservation and other land use types where pastoralists
are willing to use their land for wildlife conservation if the
conservation budget increases (Figures 6C–F). Consequently,
wildlife density is correlated with livestock grazing and
conservation land use and increases as the wildlife budget
increase. Wildlife density is also slightly higher on wet years
relative to dry years and where there is no support for
conservation; it is inversely related to livestock grazing and
agriculture in both communal and private land tenure. The
interaction between rainfall and conservation budget show that
on a wet year, when the conservation budget is small, agriculture
levels are high but reduce as the conservation budget increases.
We note that the proportion of land used for urban areas remains
constant as the conservation budget increases. However, this is
because, in the model, urban areas are largely dependent on
current household density in Amboseli, which is static.
By combining insights from vegetation data, interviews with
local communities and other secondary data sources, our model
shows the interaction of rainfall, land tenure types and availability
of conservation budget in shaping land use patterns among
pastoralists in Amboseli. It also shows the impact of land
use choices on wildlife densities and how that relationship
changes in different rainfall years and across land ownership
types. Though our socio-ecological model treats different land
use types independently, it also shows that the ability of
pastoral communities to depend entirely on livestock grazing
for their subsistence is declining, leading them to diversify their
livelihoods and employ different strategies on and off their land.
Outcomes and Next Steps
The Late Holocene social-ecological history of Amboseli is
characterized by a diversification in anthropogenic consequences
for the landscape that we have traced in this paper from around
the initial inception of pastoralist livelihoods c.4000 years ago to
the emergence of agriculture, through the colonial period and
into present times. These livelihood strategies emerged upon a
context of a longer history of hunter-gatherer use of the animal,
plant and water natural capital of Amboseli. As noted above,
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FIGURE 6 | The relationship between land use types and wildlife densities as simulated from a socio-ecological model. (A,B) Show the trends between livestock
grazing, agriculture and wildlife densities in community and private land tenure in Amboseli. (C,D) Compare the relationship between land use types and wildlife
density in private land between dry and wet rainfall years as Non-Governmental Organizations (NGOs) or investors into conservation initiatives in Amboseli invest more
money. (E,F) Compare land use trends, monetary investment into conservation initiatives and wildlife density between dry and wet rainfall years in community land.
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the temporal and spatial scale of the environmental effects of
early herders in sub-Saharan Africa are only just beginning
to be understood. However, despite the older assumption that
livestock unilaterally denude the environments in which they
live (Sinclair and Fryxell, 1985; Schlesinger et al., 1990), we have
demonstrated that heterogeneous, dynamic, and biodiverse East
African savannah ecologies have existed with pastoralists as active
participants for millennia. After two millennia of what was likely
relatively low-density livestock herding and continuing hunting
and gathering by different social groups, the cultivation of diverse
African and other domesticated crops began around the margins
of the ecosystem, most notably on the slopes of Kilimanjaro,
creating a mosaic of ethnic groups, land use strategies and
settlement systems. These dynamic groups engaged in exchange
relationships with each other and were linked to wider networks.
The latter most conspicuously involved commodities trade, such
as ivory, from at least the late second millennium CE, and
connected Amboseli inhabitants to neighboring and distant
regions that included the Indian Ocean and, ultimately, also the
Atlantic world system. From the late nineteenth century, colonial
era policies disrupted and transformed livelihoods and land use
practices in East Africa. Pastoralism has nonetheless continued
to the present and remains the food production system that
culturally and economically defines Amboseli.
Most socio-ecological systems have undergone massive
climatic, landscape and institutional changes over the last century
(Goldman and Riosmena, 2013) and recent studies have shown
that their adaptive and resilient nature plays an important role in
mediating impacts of environmental changes and allowing social
responses that sustain production (Anderson and Bollig, 2016).
Pastoralists in Amboseli never stop practicing livestock grazing
entirely despite the environmental, socio-economic and political
challenges they face. Instead, they apply different pastoral and
agro-pastoral land use strategies. Like most pastoral systems
in East African drylands, livestock grazing remains the main
land use type (Seno and Shaw, 2002; Homewood et al., 2009)
and plays a major role in Amboseli’s culture and economy
(Sundstrom et al., 2012). Over the past decades, populations
have increased markedly and the introduction of intensive
agriculture surrounding the Amboseli wetlands has resulted
in unprecedented change. Given the rapidity of land cover
change and challenges surrounding human-ecosystem-climate
interactions, there is increasing interest in exploiting the potential
of paleoenvironmental and archeological records characterizing
these changes to contextualize processes governing long-term
dynamics and development of the ecosystem.
As outlined above, a comprehensive understanding of
interactions between environmental change, social use and the
important drivers that have determined ecosystem composition
and structure within the Amboseli ecosystem since ∼5,000 cal
yr. BP is emerging. Further extensive archeological surveys and
intensive archival work are needed to enhance and fill in the
gaps about the movement of people and animals as well as the
decisions influencing their behavior. Long-term investment is
needed from all stakeholders, i.e., the local communities, the
local and national government, the conservation and tourism
industry as well as researchers, to continue in the development
of adaptive and sustainable management plans for current and
future Amboseli communities.
Undoubtedly, finer resolution data will improve our
understanding of past socio-ecological dynamics within the
landscape, especially due to the different responses that have
been observed, likely indicating local and regional drivers of
change. However, alongside gaining a greater comprehension
of events that have occurred in the past the next step is also
to build on the combined datasets and the insights from them
by fully exploring their application to present-day and future
issues. One such issue that has formed a theme throughout
this paper concerns the longevity and adaptive capacity of the
pastoralist lifestyle in Amboseli. However, this is thought to be
increasingly under threat from factors such as competing land
uses, changing weather patterns and climate, the increasing
move to sedentarization, degradation of the wider landscape and
restrictions on access to labor as more children go into (and stay
in) education and/or then move away (Seno and Tome, 2013).
The current predictions for population growth in Kenya
suggest that numbers will almost double by 2050 (United
Nations, Department of Economic and Social Affairs, Population
Division, 2017); climate change projections suggest that
temperatures on the African continent are expected to rise faster
than the rest of the world (Adhikari et al., 2015); and rainfall
patterns will be substantially altered (Platts et al., 2015). These
predictions lead to questions such as what are the implications
of these changes to pastoralism in Amboseli? Will pastoralists
continue to adapt and change? Will a tipping point be reached
and when? We cannot know the answers to these questions from
the data and insights presented alone, but this does not mean
that they are of no relevance.
The final technique that we utilized was ABM. This approach
was used to help understand the complex and shifting biophysical
and socio-economic factors affecting pastoral livelihoods in the
very recent past. However, by continuing to work alongside
modelers there is potential to combine techniques such as
ABM or Bayesian modeling with the datasets from the past in
order to interrogate them predictively for the future. Combining
the different datasets presented here has already illustrated the
adaptive capacity of pastoralists over the longue durée changing
environmental and social pressures, the next step is to actively use
these insights withinmodels with specific questions inmind. This
would not only provide estimates and models that are potentially
useful to a range of stakeholders, e.g., the Amboseli community,
planners, conservation specialists etc., but they would also allow
us (as researchers) to pose research questions—at what point
may a pastoralist lifestyle become unviable in Amboseli or
will it thrive? What are likely to be the factor/s driving these
changes? The Amboseli landscape has seen a long history of
change, affected by both local and regional factors, and we
are only just coming to comprehend this complexity using the
interdisciplinary approach taken here. Landscape evolution does
not stop at the end of a paleoecological core or an oral history
account, but it continues to evolve, we need to find nuanced
methods for linking these valuable historical insights into the
current, and informing the future, management of the these
important conservation and pastoral landscapes.
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